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A method to obtain laser desorption/ionization mass spectra of organic compounds by
depositing sample solutions onto a carbon substrate surface is demonstrated. The substrate
consists of a thin layer of activated carbon particles immobilized on an aluminum support. In
common with the porous carbon suspension samples used in previous “surface-assisted laser
desorption/ionization” (SALDI) work, the mass spectra contain only a few “matrix” back-
ground ion peaks, minimizing interference with analyte ion peaks. The presence of glycerol
ensured that the ion signals were stable over hundreds of laser shots. In addition, the carbon
substrate surface has several advantages over the suspension samples. The use of a very thin
layer of carbon significantly improves the sensitivity. Detection limits range from attomoles for
crystal violet to femtomoles for bradykinin. Very little sample preparation is required as the
analyte solution is simply pipetted onto the substrate surface and glycerol added. When using
an alternate sample deposition method, a mass resolution for bradykinin of 1800 is achieved
in linear time-of-flight mode. This is close to the resolution limit set by the detector system and
above instrument specification for matrix-assisted laser desorption/ionization mass spectra.
(J Am Soc Mass Spectrom 2000, 11, 644–649) © 2000 American Society for Mass Spectrometry
Matrix-assisted laser desorption/ionization(MALDI) is a powerful mass spectrometricmethod for biochemical analysis [1, 2]. How-
ever, this ionization method is not well suited for the
analysis of low molecular weight organic compounds.
UV irradiation of the MALDI matrix produces a wide
range of ions, and the mass spectra usually have a
“noisy” background below m/z ’ 300. Furthermore,
sample preparation in MALDI requires that the analyte
and the matrix form a “cocrystallite.” This process is not
well understood and is strongly influenced by electro-
lytes, detergents, and other additives. Finding a good
matrix compound for a particular sample is frequently
a matter of trial-and-error. Finally, the crystallization
process usually results in the formation of “sweet
spots” from which intense analyte ion signals are ob-
tained. This results in enhanced sensitivity; however,
sweet-spot formation, together with relatively strong
suppression effects in MALDI, makes quantitative anal-
ysis difficult.
Some time ago, we presented a novel sample prep-
aration method for laser desorption mass spectrometry
in which a suspension of a fine graphite powder in a
solution of the analyte(s) in glycerol was used as the
“matrix” [3]. The suspension was irradiated with a
pulsed 337 nm nitrogen laser, and intense analyte ion
signals were obtained. Typically, the ion background
was very clean and consisted of only a few low-mass
ion peaks, such as Na1, K1, and Na1(glycerol). Also,
analyte suppression effects were found to be relatively
small. We referred to this method as “surface-assisted
laser desorption/ionization” (SALDI) mass spectro-
metry in order to emphasize that surfaces and surface
structures are essential not only to the sample prepara-
tion but also to the desorption/ionization (DI) process.
Our original SALDI work was inspired by Tanaka’s
experiments in which 300 Å cobalt particles were used
to couple the laser energy into a glycerol solution [4].
However, different DI mechanisms are involved be-
cause the SALDI process requires mm-sized surface
structures [5]. The relation of SALDI to MALDI is less
clear. Although there is no doubt that surface materials
and structures are essential to SALDI, it is generally
considered that it is the immediate molecular environ-
ment of the analyte molecules (i.e., the matrix) that is of
paramount importance in MALDI. However, MALDI
samples are (almost always) solids, and it does seem
possible that crystal surface structures are also impor-
tant in the MALDI process. Though this possibility has
received limited attention, it has been reported that
surface morphology plays a role in both IR/MALDI [6]
and in UV/MALDI [7–9]. Membranes have frequently
been used for sample support in MALDI [10–15], and it
is possible that they play a role similar to that of the
SALDI solid. Recently, a laser desorption method in
which analytes were desorbed from a porous silicon
substrate was demonstrated [16]. That work also points
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to the importance of surface structures for the DI
process.
With graphite-SALDI suspension samples, the laser
focus had to be moved around the sample surface in
order to find a good desorption site [1]. Several other
solid materials were therefore tried, and it was found
that porous, activated carbon (AC) yielded analyte mass
spectra everywhere on the sample surface and from the
first laser shot. In addition, the intensity was relatively
uniform over the surface, i.e., there were no “sweet
spots” [17]. The mass resolution and sensitivity were
essentially the same as with graphite. However, the
upper mass limit was lower with activated carbon, and
mass spectra of small proteins, such as myoglobin and
cytochrome c, were not obtained.
A problem with the suspension samples was that the
particles contaminated the ion source. Because the
carbon particles are electrically conducting, they may
cause discharges and electrical short circuits. In the
suspension samples, the particles adhere to each other
primarily through the wetting action of glycerol. As the
glycerol evaporated, particles on the sample surface
easily became dislodged. They then dispersed through-
out the ion source through the action of the ion extrac-
tion field on the charged particles.
In an effort to solve the ion source contamination
problem, compounds that could be expected to cause
stronger and more permanent adhesive forces between
the carbon particles were added to the suspensions [18].
The best additives found were saccharides. As they do
not evaporate, the carbon particles become permanently
“sticky,” and the ion source contamination was very
significantly reduced. The quality of the mass spectra
was not affected, and there was little suppression of
analyte ions. When sucrose (S) was added, the only
additional peaks were due to sodiated, Na1(S), and
potassiated sucrose, K1(S). For these reasons, we have
added 5%–10% by weight of sucrose to the glycerol in
all subsequent SALDI work. However, even with the
addition of saccharides, some ion source contamination
still occurred.
The second problem with the suspension samples
was their relatively low sensitivity. In the original work,
a detection limit of 25 nmol was reported for bradykinin
[3]. At the same time, subpicomole amounts of peptides
are routinely analyzed by MALDI. It was later found
that low pmol amounts of peptides could be detected
by SALDI simply by increasing the ratio of organic
solvent to glycerol and by using a smaller amount of
AC [19]. However, most of the analyte was still “bur-
ied” inside the suspension sample and thus not acces-
sible to the laser.
A solution to the sensitivity problem would seem to
be to make very thin layers of carbon particles. A larger
fraction of the analyte should then be accessible for
laser desorption/ionization, and a significant sensitiv-
ity increase would be expected. If the carbon particles
could also be immobilized, the ion source contamina-
tion problem would be solved. In this paper, we report
the successful implementation of these ideas. These
results have been presented in a thesis [20].
Experimental
Instrumentation
A Voyager RP time-of-flight mass spectrometer (Per-
Septive Biosystems, Framingham, MA) was used for all
experiments. The instrument has a 1.4 m flight tube, a 4
ns pulsed 337 nm nitrogen laser (LSI Laser, Newton,
MA), a single-stage reflector, and a dual stage ion
source with continuous ion extraction. A 2 1/4 in. 3 2
1/4 in. stainless steel sample plate with 100 sample
wells was inserted into the ion source by pneumatic
actuators. Inside the source, the sample plate was
attached to a computer-controlled XY stage that al-
lowed precise movement of the sample relative to the
fixed laser focus position. The substrate samples were
viewed with a TV camera and monitor, and this al-
lowed the desorption site to be selected by visual
inspection. In linear mode, the acceleration voltage was
30 kV, the voltage on the secondary grid in the ion
source was 21 kV, and the guide wire voltage was set to
230 V. In reflecting mode, the acceleration voltage was
28 kV, the voltage on the secondary grid in the ion
source was 19.6 kV, and the guide wire voltage was set
to 228 V. Approximately 20 single shot mass spectra
were averaged on a 500 MHz digitizing oscilloscope
(TDS 520A, Tektronix, Wilsonville, OR). Spectra were
downloaded to a personal computer and mass cali-
brated using PerSeptive and GRAMMS (Galactic Soft-
ware, Salem, NH) software and internal mass calibra-
tion.
Chemicals and Materials
All chemicals were obtained commercially and used
without further purification. The surface structure,
composition, and adsorption properties of the activated
carbon all influence the mass spectra obtained. These
properties will in turn depend on the method used to
produce the material. The high-purity activated carbon
powder (Darco G60, Aldrich, Milwaukee, WI) used for
this work had been produced by steam and heat acti-
vation, washed with a strong mineral acid, and rinsed
with water [21]. This mesoporous carbon had a pore
size distribution ranging from ,20 to .500 Å, a mean
pore radius of 33 Å, and a total surface area of 600 m2/g
(dry basis). Inspection under a microscope showed that
typical particle sizes ranged from 5 to 10 mm. The spray
adhesive (Super 77, 3M Company, Minneapolis, MN)
was obtained locally. Carbon double-sided sticky tape
was obtained from Ted Pella (Redding, CA). The alu-
minum-backed, silica gel 60 TLC plates (Merck, Darm-
stadt, Germany) had a gel thickness of 0.2 mm.
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Procedure Used to Prepare AC Substrates
A ;4 cm 3 5 cm rectangular piece of 25-mm thick Al
foil was attached to a paper support using common
tape. Spray adhesive (3M Super 77) was applied to the
surface of the foil. Using a swift motion of the nozzle
over the foil, a thin coverage was achieved. The mass of
the adhesive, after drying, was approximately 1.0 mg/
cm2. If the adhesive layer was too thick, analyte ion
signals were not obtained. Opposite edges of the paper
were folded such that they covered the Al foil, with the
exception of a 2–4 mm wide strip. Alternatively, a mask
with a 1 mm diameter circular hole was positioned over
the foil. Next, AC powder was sprinkled onto the
exposed adhesive. The powder was pressed into the
surface with a spatula. This made for a more even
surface coverage and also ensured that the AC particles
were in electrical contact with the Al foil support, as
verified with an ohmmeter. Excess AC powder was
removed by blowing air and by shaking the paper
support. The mass of the activated carbon on the strip
was approximately 1 mg/cm2. Pieces of desired size
and shape were cut out of the AC covered substrate.
These will simply be referred to as “AC strips,” “AC
patches,” or “AC dots” depending on the shape of the
cutout AC substrate.
A piece of the double-sided sticky carbon tape was
attached to the bottom of one of the shallow (;0.1 mm
deep), 2 mm wide wells on the stainless steel sample
plate. An AC patch was positioned on top of the tape.
Because the electrical resistance of the carbon tape was
in the high kohm range, the edges of the AC patch were
gently pushed down such that the Al foil made electri-
cal contact with the stainless steel sample plate. Resis-
tance measurement showed that this procedure yielded
good electrical contact between the AC particles and the
sample plate. The whole assembly also had to be thin
enough that it could safely pass underneath the second-
ary extraction grid in the dual-stage ion source.
Two different methods were used to transfer the
analyte to the AC substrate. In “direct deposition,” a
volume of 0.1 to 1.0 mL of an analyte solution was
pipetted onto the AC patch, followed by 1 mL of a 20%
(v/v) glycerol in methanol solvent mixture. After about
5 min in room air, most of the methanol had evapo-
rated, and the sample plate was inserted into the mass
spectrometer ion source.
The procedure used for “TLC deposition” was as
follows. The AC strip was prepared as described above.
Separately, the silica gel on a TLC plate was scraped off
the Al backing outside of a line drawn parallel to one
edge of the plate. The AC strip was positioned upside
down, such that the activated carbon faced the exposed
Al surface of the TLC plate, and pushed sideways in
order to make good physical contact with the silica gel.
The resulting assembly is shown in Figure 1. An analyte
solution was spotted onto the TLC plate, and the plate
was developed using a high-eluting strength solvent
(methanol). The analyte migrated towards, and was
absorbed by, the AC substrate strip. The AC strip was
removed from the assembly and analyzed as described
above after the addition of the 20% (v/v) glycerol in
methanol solvent mixture.
Results and Discussion
Immobilizing a thin layer of activated carbon particles
on a surface using an adhesive would seem to be a
relatively straightforward task. In initial experiments,
however, no analyte mass spectra were obtained. It was
therefore not clear that SALDI mass spectra could be
obtained from AC particles, if these were not able to
move in a surrounding liquid. However, an alternative
explanation for the initial failures was that the adhesive
had coated all sides of the mm-sized carbon particles. A
search for alternate adhesives was initiated, and it was
found that with a spray contact adhesive (3M Super 77)
mass spectra of analytes were indeed obtained. Appar-
ently, this adhesive was not fluid enough to coat the AC
particles but was still sticky enough for them to adhere
to the surface. A detailed description of the procedures
used to make the AC substrates is given in the Experi-
mental section.
Inspection of the AC strips under a microscope
showed that the distribution of the particles was some-
what uneven, and that the particles formed a pattern
that can roughly be described as connected regions of
dense surface coverage, interspersed with “islands” of
sparse coverage. Best results were obtained when about
2/3 of the substrate surface was densely covered by
carbon particles and the remainder 1/3 was sparsely
covered. The thickness of the densely covered regions
was about 25 mm, as determined with the microscope.
With a particle size of 5–10 mm, this corresponds to
about 5 monolayers. The uneven AC particle distribu-
tion seemed to have been due to the uneven surface
coverage of the adhesive, easily observed with the
naked eye and likely caused by relatively large droplets
in the adhesive spray. From activated carbon suspen-
sions, ion signals are very stable as the laser focus is
Figure 1. Interface assembly used for “TLC deposition” of ana-
lyte onto an AC substrate, see text. About 1 mL of analyte solution
was spotted onto the TLC plate. The plate was developed using a
high-eluting strength solvent, and the analyte migrated towards,
and was adsorbed on, the AC substrate strip.
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moved over the surface [18]. With the AC substrates,
the variations in the ion signals over the surface were
larger. This was presumably due to the unevenness in
the AC particle distribution. It was not possible to
determine which regions yielded the strongest ion
signals.
Figure 2 shows representative mass spectra obtained
by “direct deposition,” i.e., by pipetting analyte solu-
tions onto the AC substrate patches. The major analyte
ion in the positive-ion-mode mass spectrum of dl-
lysine, Figure 2a, is protonated lysine, MH1. The spec-
trum also shows abundant alkali ions, Na1 and K1.
Adducts of these metal ions with glycerol, Na1(Gl) and
K1(Gl), are seen at m/z 5 115 and 131, respectively. A
number of low mass peaks at m/z 5 19, 29, 31, 45, 57,
and 75 are well-known fragment ions of protonated
glycerol. The same fragment ions are observed in fast
atom bombardment [22]. The abundances of these frag-
ment ions generally increase with irradiation time in
FAB. In contrast, the glycerol fragment ions disap-
peared after the first few laser shots in any single spot
on the sample surface in the present AC-substrate
SALDI experiments, resulting in “cleaner” mass spectra
than that shown in Figure 2a. Glycerol did remain on
the sample, however, as evidenced by the continuing
presence in the mass spectra of Na1(Gl) and K1(Gl)
ions. Figure 2b shows the mass spectrum of caffeine.
Also in this case, the main analyte ion is the protonated
molecule. The AC-SALDI mass spectrum in Figure 2c is
that of glucose. As expected from the low proton
affinity of this compound, the sodiated analyte mole-
cules are observed.
Mass Resolution in AC-Substrate SALDI
The mass resolution attained with direct deposition, i.e.,
with pipetting sample solutions directly onto the AC
substrates, was usually unsatisfactory. Unit resolution
was not always achieved in the low mass range in linear
mode. This is exemplified by the mass spectra in Figure
2. Occasionally a much higher mass resolution was
observed, but we were not able to reliably obtain such
spectra. It was found, however, that TLC deposition of
the analytes (see Experimental section) yielded higher
mass resolution spectra from the AC substrates. This is
illustrated in Figure 3. The mass spectrum of crystal
violet, Figure 3a, obtained in reflecting time-of-flight
mode, has a mass resolution of 1050. The mass spec-
trum of bradykinin, Figure 3b, was also obtained by
TLC deposition, but in linear time-of-flight mode. The
mass resolution is 1800. This is close to the limit set by
the 500 MHz bandwidth of the digitizer. For linear
Figure 2. AC substrate SALDI mass spectra of (a) dl-lysine (1.8
nmol), (b) caffeine (0.5 nmol), and (c) glucose (3.19 nmol). Solu-
tions of these compounds were pipetted directly onto an AC
substrate patch.
Figure 3. AC substrate SALDI mass spectra of (a) crystal violet
and (b) bradykinin. These compounds were deposited through a
TLC plate (Figure 1) onto an AC strip. The insets demonstrate a
mass resolution of 1050 for crystal violet (reflecting ion mode) and
1800 for bradykinin (linear ion mode) on the continuous ion
extraction time-of-flight mass spectrometer.
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mode, the instrument specification, as well as the best
MALDI mass resolution that we have attained for
bradykinin, is 1200. (Higher MALDI mass resolution
might be attained with very small MALDI crystals.)
Whether SALDI mass resolution will be improved by
delayed ion extraction to the same extent as the MALDI
mass resolution, is not yet known.
The reason why a higher mass resolution was ob-
tained with TLC deposition than with direct deposition
is unknown. However, there are some notable differ-
ences between the two sample deposition methods. In
TLC deposition, the analyte solution flowed towards
the AC substrate with a linear flow velocity of about 0.1
mm/s and with a volume flow rate of about 2 mL/min.
When pipetting the solution (direct deposition), both
the linear flow velocity and the volume flow rate were
one to two orders of magnitude larger. This may well
have resulted in different distributions of analyte mol-
ecules between and throughout the porous AC parti-
cles. Alternatively, the sandwich structure of the AC
substrate in TLC deposition, Figure 1, may have af-
fected the liquid flow pattern or may have mechanically
modified the AC-substrate surface. Finally, it is possible
that a separation, in the TLC gel, of the analyte from
other components might have affected the mass resolu-
tion.
Sensitivity
The sensitivity for crystal violet was studied by varying
the amount of analyte deposited on the AC substrate,
from 200 pmol to 200 amol using a sequence of six,
tenfold dilutions. Direct deposition of 0.2 mL solution
volumes onto a 3 3 3 mm AC patch was used. Mass
spectra were obtained in reflecting ion mode, and the
mass resolution was about 400. The signal intensity was
variable, presumably due to the fact that the distribu-
tion of AC particles was uneven, see Experimental
section. The laser focus was moved around until a local
maximum for the M1 molecular ion peak at m/z 5 372
was found. The intensity was recorded and the proce-
dure repeated about 10 times for each sample. The 90%
confidence interval was about 25% of the calculated
average M1 peak intensities. The averages were plotted
versus the amount of crystal violet deposited onto the
AC patch, in the double-logarithmic diagram in Figure
4. It is seen that above 10 pmol, the M1 ion signal is
saturated. Below 2 pmol, the slope of the line is 0.4.
Thus, the M1 intensity was proportional to the amount
of crystal violet, raised to a power of 0.4. It is this
surprising power dependence that “explains” the low
detection limit for crystal violet, because decreasing the
amount of the analyte by a factor of 10 decreases the M1
ion signal by a factor of 100.4 5 2.5 only. The practical
detection limit for crystal violet is about 100 amol.
The lower line in Figure 4 shows the MH1 ion peak
intensity for bradykinin as a function of the amount of
the peptide deposited directly onto a 1 mm diameter
AC “dot.” The mass spectra were obtained in linear
mode and the mass resolution was approximately 200.
It is seen that the sensitivity for bradykinin is signifi-
cantly lower than for crystal violet. In addition, the
functional dependence is nearly linear as shown by the
dashed line with a slope of one. Thus, the bradykinin
signal intensity decreases much faster with decreasing
amounts of analyte deposited on the substrate surface
than was the case for crystal violet. The result is that the
detection limit for bradykinin is estimated to be about
100 fmol versus 100 amol for crystal violet. The sensi-
tivity of other compounds investigated, lysine, arginine,
leucine, methionine enkephalin, caffeine, glucose, ga-
lactose, Victoria Blue, Methyl Green, FD&C Red No. 40,
FD&C Red No. 3, and the detergents sodium dodecyl-
sulfate (SDS) and lauryl dimethylamineoxide (LDAO),
generally fell between the sensitivities for crystal violet
and bradykinin.
The detection limits demonstrated here with immo-
bilized AC SALDI are much lower than previously
attained with the SALDI suspension samples. It is
possible to decrease the detection limits further. The
analyte signal strength is higher from the AC dots
because the analyte is adsorbed over a smaller surface
area. On an AC patch, the analyte was adsorbed over a
surface area that was approximately 4 mm2, whereas
the surface area of the dots was approximately 1 mm2.
Consistent with this, an approximately fourfold higher
ion signal was obtained from the “AC dots.” Even
smaller AC dots could be used, because the laser focus
has a diameter of less than 0.1 mm. With 0.3 mm
diameter carbon dots, an additional 10-fold sensitivity
increase might well be achieved. Finally, if the optimum
Figure 4. The intensity of the molecular ion peak for crystal
violet (filled square) and of the protonated molecular peak of
bradykinin (filled circle) as a function of the amount of analyte
deposited onto an AC substrate. For each amount, the intensity
varied by more than a factor of 2, and each data point represents
an average. Solutions of the respective compounds were directly
deposited onto AC substrates. AC patches, 3 3 3 mm, were used
for crystal violet and 1 mm diameter “AC dots” were used for
bradykinin.
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mass resolution could be attained also when using
direct deposition, a further decrease in the detection
limits should result.
The reason for the qualitatively different functional
behaviors of ion intensity versus the amount of crystal
violet and bradykinin, seen in Figure 4, is neither
known nor understood. It may be significant that the
ionization processes are different since molecular ions
are obtained from crystal violet, but protonated mole-
cules from bradykinin. The triphenyl dyes may be
directly photoionized by the nitrogen laser. It is also
possible that there is a direct relation between the
intensity behavior and the adsorption isotherms, i.e.,
the capacity (usually expressed as g analyte adsorbed
per 100 g of activated carbon) as a function of analyte
concentration. Adsorption isotherms for activated car-
bon vary significantly, but a near square-root depen-
dence is often found for involatile organic compounds
[23]. The agreement with the response/dose behavior
found for crystal violet could of course be a coincidence.
On the other hand, if adsorption isotherms indeed
control the sensitivity of immobilized AC SALDI, for
reasons that are not understood, using different sorbent
materials with different adsorption characteristics,
should dramatically affect both sensitivity and dose
response. One additional difference between crystal
violet and bradykinin should be noted. The glycerol
added to the AC substrates, about 0.2 mL, evaporated
after 10–15 min in the vacuum. The bradykinin ion
signal disappeared and only reappeared if additional
glycerol was added to the substrate. In contrast, the
crystal violet signal was much more long lived. Thus,
this compound did not seem to require the presence of
glycerol for molecular ion formation. However, with
less glycerol present on the AC substrate, more exten-
sive fragmentation of the crystal violet molecular ions
was observed.
Conclusions
Activated carbon surface substrates for laser desorption
ionization have properties that make them promising
for the mass spectrometric analysis of organic com-
pounds and peptides. Sample preparation is straight-
forward as the analyte solution is simply pipetted onto
the substrate. Typically, the mass spectra are very
“clean” with only a few background ion peaks appear-
ing at low mass. Because the substrates are thin, a large
fraction of the deposited analyte is exposed to the laser
irradiation. This ensures high sensitivity, and detection
limits in the amol to fmol range have been demon-
strated. The presence of glycerol ensures that ion sig-
nals are obtained for extended time periods. For small
peptides, the best mass resolution obtained in linear
time-of-flight mode was at least as good as that ob-
tained with MALDI, but only if the analyte was depos-
ited over TLC plates. With direct sample deposition by
pipetting, the mass resolution was often unsatisfactory.
Additional work is required to realize the full poten-
tial of the method. The main challenge will be to
reliably combine the excellent mass resolution, demon-
strated here in special cases, with the high sensitivity
and the very simple and fast direct sample deposition
method. It is likely this can be achieved by improving
the substrates. The tendency for “sweet-spot” forma-
tion, observed with the substrates in the present work,
is not inherent to activated carbon SALDI, and is likely
to be overcome by using substrates with a more even
distribution of surface features. Finally, it is more than
likely that the surface structure of activated carbon is far
from optimized for the purpose of achieving efficient
laser desorption ionization. Physical and chemical mod-
ifications of the surfaces, therefore, hold considerable
promise for further improvements of this ionization
method.
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